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+ZDQJ HW DO  %KDGXUL ,QGLUD HW DO  $O)DGKOL 6WRNHV HW DO  6LGKX 6LGKX HW DO  2NVD
$XHUNDUL HW DO  KDYH EHHQXVHG WR VSUD\ SURWHFWLYH FRDWLQJRQ VXUIDFH RI ERLOHU WXEHV DQGKHDWH[FKDQJHUV
&KHPLFDOYDSRXUGHSRVLWLRQ&9'.DOLYRGRYD%D[WHUHWDODQGSK\VLFDOYDSRXUGHSRVLWLRQ39'/H\HQV
:ULJKW HW DO DUHDOVRXWLOL]HG WRGHSRVLWSURWHFWLYHFRDWLQJV IRUERLOHUV+RZHYHU WKHLUGHSRVLWLRQ UDWH DQG
OLPLWDWLRQRIKHDWH[FKDQJHUVL]HGXHWRWKHVL]HRISURFHVVFKDPEHUUHVWULFWSRWHQWLDODSSOLFDWLRQLQERLOHULQGXVWU\




8XVLWDOR HW DO FRQGXFWHG D VHULHV RI FRUURVLRQ WHVWV LQ FKORULQH FRQWDLQLQJ DWPRVSKHUH RQERLOHU VWHHOV+92)
WKHUPDO VSUD\HG 1L&U DOOR\ FRDWLQJV DQG ODVHUPHOWHG +92) 1L&U DOOR\ FRDWLQJV IRU   DQG  K
8XVLWDOR9XRULVWRHWDO8XVLWDOR9XRULVWRHWDO8XVLWDOR9XRULVWRHWDO7KH1L&UDOOR\VXVHG
ZHUH1L&UDQG1L&U7KHFRUURVLRQUHVLVWDQFHRIWKHVH1LEDVHGKLJK&UFRDWLQJPDWHULDOVZDVVDWLVIDFWRU\LQ
WHVW FRQGLWLRQV ,QWHUFRQQHFWHG SRURVLW\ R[LGHFRQWDLQLQJ VSODW ERXQGDULHV YRLGV IRUPHG DW VSODW ERXQGDULHV DQG
FRPSRVLWLRQDO LQ KRPRJHQHLWLHV FUHDWHG E\+92) WKHUPDO VSUD\LQJ SURFHVVHV OLPLWHG WKH FRUURVLRQ UHVLVWDQFH RI
FRDWLQJV%OXQLDQG0DUGHU1HYHUWKHOHVVWKHEHVW+92)FRDWLQJVZHUHDEOHWRWRWDOO\SURWHFWWKHFRDWHGORZ
DOOR\ IHUULWLF VWHHO IURPFRUURVLRQ DWWDFN IRU VKRUWSHULRGVZLWK ODVHUPHOWLQJ UHPDUNDEO\ LQFUHDVLQJ WKH FRUURVLRQ








,Q WKLV VWXG\ ODVHU FODGGLQJ XVLQJ 1L&U DOOR\ SRZGHU ZDV SHUIRUPHG ZLWK YDULRXV SURFHVV SDUDPHWHU
FRPELQDWLRQV WR GHSRVLW VLQJOH WUDFNV &URVVVHFWLRQV RI WKH WUDFNV ZHUH JHQHUDWHG LQ RUGHU WR GHWHUPLQH WUDFN
JHRPHWU\ FRPSRVLWLRQ DQG PLFURVWUXFWXUH 5HODWLRQVKLSV EHWZHHQ LQSXW SURFHVV SDUDPHWHUV DQG FODG WUDFN
FKDUDFWHULVWLFVZHUH LQYHVWLJDWHG2SWLPDOSURFHVVSDUDPHWHUVDUH LGHQWLILHG IRUPDQXIDFWXUHRI VDPSOHV IRU IXWXUH


























2.1. Laser cladding 
$V VKRZQ LQ )LJ  ODVHU FODGGLQJ LV DQ DGGLWLYH PDQXIDFWXULQJ WHFKQRORJ\ LQ ZKLFK D SRZGHUHG RU ZLUH
IHHGVWRFNPDWHULDOLVPHOWHGDQGGHSRVLWHGRQDVXUIDFHYLDWKHDFWLRQRIDODVHU7R\VHUNDQL.KDMHSRXUHWDO







LV JHQHUDOO\ UHTXLUHG WR NHHS GLOXWLRQ WR PLQLPDO OHYHOV W\SLFDOO\ EHWZHHQ ̚  DUH UHJDUGHG DV DFFHSWDEOH
7R\VHUNDQL.KDMHSRXUHWDO

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
)LJ6FKHPDWLFRIWKHSRZGHUODVHUFODGGLQJSURFHVV
2.2. Laser cladding system setup and precautions 
7KH ODVHU FODGGLQJ V\VWHP XVHG LQ WKLV VWXG\ FRQWDLQV RI WKUHHPDLQ FRPSRQHQWV D  N: ,3* 2[IRUG8.
<WWHUELXPGRSHGFRQWLQXRXVZDYHILEUHODVHURSHUDWLQJDWDZDYHOHQJWKRIQPFRXSOHGZLWKDEHDPGHOLYHU\
V\VWHPPPFROOLPDWLQJOHQVDQGDPPIRFXVVLQJOHQVDODWHUDOFRSSHUMHWQR]]OHFRXSOHGZLWKDSRZGHU
IHHGHU 0RGHO  PDQXIDFWXUHG E\ 0LOOHU 7KHUPDO ,QF DQG 3UD[DLU 6XUIDFH 7HFKQRORJLHV DQG D FRPSXWHU
QXPHULFDOO\ FRQWUROOHG &1&  D[LV WDEOH 7KH VXEVWUDWH VXUIDFHZDV SRVLWLRQHG PP EHORZ WKH IRFDO SODQH
SURGXFLQJDODVHUVSRWGLDPHWHURIPPRQWKHVXUIDFH
7R SURWHFW FODG WUDFNV IURP R[LGDWLRQ WKH FODGGLQJ SURFHVV ZDV SHUIRUPHG LQ DQ DUJRQ ILOOHG FKDPEHU  7KH
VXEVWUDWH ZDV H[SRVHG WR DQ LQLWLDO ODVHU SDVV WR FOHDQ WKH VXUIDFH DQG HOHYDWH WKH VXEVWUDWH WHPSHUDWXUH WR
DSSUR[LPDWHO\&EHIRUH WKHFODGGLQJSURFHVVEHJDQ7KHVHVXUIDFHVSUHWUHDWPHQWFOHDQHG WKHVXUIDFHEHIRUH
GHSRVLWLRQ






UHGXFHG WR  DQG  J PLQ 7KLV UHVXOWHG LQ D WRWDO RI  SDUDPHWHU FRPELQDWLRQV 7KURXJKRXW WKLV SDSHU WKH
LQGLYLGXDO WUDFNV DUH UHIHUUHG WRXVLQJ WKH IROORZLQJFRGLQJ FRQYHQWLRQ ODVHUSRZHUVFDQQLQJ VSHHGSRZGHU IHHG
UDWHLHDWUDFNGHSRVLWHGDWODVHUSRZHU N:VFDQQLQJVSHHG PPPLQDQGSRZGHUIHHGUDWH JPLQ
KDVDFRGHRI
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2.5. Methods to evaluate laser cladding track quality 
7RPHDVXUHJHRPHWULFIHDWXUHVRIODVHUFODGGLQJWUDFNZLGWK:KHLJKW+DQGPHOWGHSWKKDVVKRZQLQ)LJ
 WUDFN VDPSOHVZHUH LQLWLDOO\ WUDQVYHUVHO\ VHFWLRQHGPRXQWHG LQ FRQGXFWLQJ UHVLQ DQG VHTXHQWLDOO\ JURXQG DQG
SROLVKHGXVLQJFROORLGDOVLOLFDWRDȝPVXUIDFHILQLVKWKHQWKHWUDFNVDPSOHVZHUHHOHFWURO\WLFDOO\HWFKHGXVLQJ
RUWKRSKRVSKRULF +32DFLG LQZDWHU W\SLFDOO\9 IRU V DIWHUHWFKLQJFODGEHDGFDQEHGLVWLQJXLVKHG
HDVLO\IURPVXEVWUDWHDFFRUGLQJWRILQDOO\YDOXHVRI:+DQGKFDQEHPHDVXUHGXVLQJ,PDJH-1DWLRQDO,QVWLWXWH
RI+HDOWK0DU\ODQG86$VRIWZDUH
)RU PLFURVWUXFWXUH DQDO\VLV PHWDOORJUDSKLFOO\ SUHSDUHG WUDFN VDPSOHV ZHUH YLHZHG XQGHU D 3KLOLSV ;/ 
6FDQQLQJ(OHFWURQ0LFURVFRSH6(0)(,(LQGKRYHQ1HWKHUODQG4XDQWLWDWLYHHQHUJ\GLVSHUVLYH;UD\DQDO\VLV
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 K    
,QWKLVVWXG\GLOXWLRQUDWLRZLOOEHPHDVXUHGDQGFDOFXODWHGXVLQJDOOIRXUNLQGVRIPHWKRGVRQHFRPSRVLWLRQDO
DQG WKUHHJHRPHWULFDO5HVXOWV IURPDOO WKHVHPHWKRGVZLOOEHFRPSDUHGIXUWKHU WRHYDOXDWH WKHDFFXUDF\RIHDFK
PHWKRG
5HVXOWVDQGGLVFXVVLRQ
3.1. Process window 
9LVXDOH[DPLQDWLRQRIDVGHSRVLWHGWUDFNVUHYHDOHGWKDWFRQWLQXRXVDGKHUHQWWUDFNVKDGEHHQJHQHUDWHGIRUHDFK
SDUDPHWHU FRPELQDWLRQ XVHG 7UDFN ZLGWKV UDQJHG IURP PP WR PP DQG WUDFN KHLJKWV IURP PP WR
PP 7KH PD[LPXP VXEVWUDWH PHOW GHSWK SURGXFHG ZDV PP &URVVVHFWLRQV RI WKUHH GLIIHUHQW WUDFNV DUH
VKRZQLQ)LJLQRUGHUWRLOOXVWUDWHWKHUDQJHRIJHRPHWULHVSURGXFHG&RPSRVLWLRQDOGLOXDWLRQUHVXOWVUDQJHGIURP
 WR)LJ VXPPDULVHV WKHSDUDPHWHU VSDFHXVHG LQ WKLVZRUN5HVXOWVDUHGLVSOD\HGXVLQJDQDUELWUDU\












3.2. Effect of process parameters on clad geometry characteristics and dilution 




NRQQWH QLFKW JHIXQGHQ ZHUGHQ VKRZV UHVXOWV IRU D SRZGHU IHHG UDWH RI JPLQ UHVXOWV IRU RWKHU IHHG UDWHV
VKRZHGWKHVDPHWUHQGRILQFUHDVLQJFRPSRVLWLRQDOGLOXWLRQZLWKSRZHUDQGHQHUJ\SHUXQLWOHQJWK)RUDOOSRZGHU
IHHG UDWHV WKH HIIHFW RI SRZHU RQ DVSHFW UDWLR ZDV OHVV PDUNHG WKDQ RQ FRPSRVLWLRQDO GLOXWLRQ $Q LQFUHDVH LQ
GLOXWLRQZLWK LQFUHDVLQJSRZHU LV H[SHFWHGGXH WR WKH LQFUHDVHG H[WHQWRIPHOWLQJRI WKH VXEVWUDWH WKDW WKHKLJKHU
SRZHUSURGXFHVUHVXOWLQJLQJUHDWHUPL[LQJRIWKHVXEVWUDWHDQGFODGPDWHULDO










,W FDQ EH VHHQ WKDW FODG WUDFNZLGWK LQFUHDVHVZLWK LQFUHDVLQJ HQHUJ\ SHU XQLW OHQJWK 7KLV LV H[SHFWHG DQG LV
VLPSO\GXHWRWKHODUJHUPHOWSRROWKDWWKHLQFUHDVHGHQHUJ\LQSXWSURGXFHV$OOGDWDSRLQWVDSSUR[LPDWHO\IDOORQWKH









714   B. Song et al. /  Physics Procedia  83 ( 2016 )  706 – 715 
3.3. Guidelines for dilution ratio calculation using four methods 
)LJ  VKRZV GLOXWLRQ UDWLR UHVXOWV REWDLQHG XVLQJ IRXU GLIIHUHQW PHWKRGV ,Q VRPH FDVHV VXFK DV 
DQGUHVXOWVIURPDOOIRXUPHWKRGVDUHZLWKLQDIHZSHUFHQWRIHDFKRWKHU+RZHYHUWKHUHDUH
ILYH FDVHVZKHUH WKH UDQJHRI WKHGLIIHUHQW UHVXOWV H[FHHGV 7KHN: UHVXOWV VWDQGRXW DV DJURXSZLWK D
SDUWLFXODUO\ODUJHYDULDWLRQEHWZHHQWKHFRPSRVLWLRQDOGLOXWLRQDQGJHRPHWULFGLOXWLRQUHVXOWV7KHUHLVQRVLJQLILFDQW
GLIIHUHQFHEHWZHHQUHVXOWVREWDLQHGXVLQJ(TXDWLRQDQG(TXDWLRQ
5HDOLVWLF DUHD PHDVXUHPHQW (TXDWLRQ  XVXDOO\ SURGXFHV VPDOOHU GLOXWLRQ UDWLRV WKDQ WKH PHWKRGV XVLQJ
(TXDWLRQDQG(TXDWLRQ7KHH[FHSWLRQWR WKLV LV WUDFNVDQG&ODG
PHOWHGLQWRVXEVWUDWHLQWKRVHWUDFNVDOVRH[KLELWVDWZRSHDNSDWWHUQDVVHHQIRULQ)LJ
7KHSRWHQWLDOWRREWDLQGLIIHUHQWGLOXWLRQUHVXOWVIURPGLIIHUHQWPHDVXUHPHQWPHWKRGVKDVEHHQGHPRQVWUDWHGDQG
































































































































































$O)DGKOL + - 6WRNHV 0 +DVKPL DQG % <LOEDV 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2NVD 0 3 $XHUNDUL - 6DORQHQ DQG 7 9DULV  1LFNHOEDVHG +92) FRDWLQJV SURPRWLQJ KLJK WHPSHUDWXUH FRUURVLRQ UHVLVWDQFH RI
ELRPDVVILUHGSRZHUSODQWERLOHUV)XHO3URFHVVLQJ7HFKQRORJ\
6FKQHLGHU0)/DVHUFODGGLQJZLWKSRZGHUHIIHFWRIVRPHPDFKLQLQJSDUDPHWHUVRQFODGSURSHUWLHV8QLYHUVLWHLW7ZHQWH
6LGKX + 6 % 6 6LGKX DQG 6 3UDNDVK  0HFKDQLFDO DQG PLFURVWUXFWXUDO SURSHUWLHV RI +92) VSUD\HG:&±&R DQG &U&±1L&U
FRDWLQJVRQWKHERLOHUWXEHVWHHOVXVLQJ/3*DVWKHIXHOJDV-RXUQDORI0DWHULDOV3URFHVVLQJ7HFKQRORJ\
7R\VHUNDQL($.KDMHSRXUDQG6)&RUELQ/DVHUFODGGLQJ&5&SUHVV
8XVLWDOR0 3 9XRULVWR DQG 70lQW\Ol  +LJK WHPSHUDWXUH FRUURVLRQ RI FRDWLQJV DQG ERLOHU VWHHOV LQ UHGXFLQJ FKORULQHFRQWDLQLQJ
DWPRVSKHUH6XUIDFHDQG&RDWLQJV7HFKQRORJ\
8XVLWDOR0 39XRULVWR DQG70lQW\Ol  +LJK WHPSHUDWXUH FRUURVLRQ RI FRDWLQJV DQG ERLOHU VWHHOV LQ R[LGL]LQJ FKORULQHFRQWDLQLQJ
DWPRVSKHUH0DWHULDOV6FLHQFHDQG(QJLQHHULQJ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